reinforced ventilation of the deep water does not lead to overall improved oxygen conditions but causes instead expanded dead bottom areas accompanied with increased internal phosphorus loads from the sediments and increased risk for cyanobacteria blooms.
Introduction
Changing climate may have considerable impact on coastal seas, like the Baltic Sea (BACC II author team 2015) and North Sea (Quante and Colijn 2016) . Especially the Baltic Sea is known to have warmed during 1982-2006 faster than any other coastal sea (Belkin 2009) . For the end of this century higher water temperatures, reduced sea ice cover, increased acidification and increased oxygen deficiency with consequently larger hypoxic areas (or dead bottom zones) are expected (e.g., Döscher and Meier 2004; Meier et al. 2011; Neumann et al. 2012; Omstedt et al. 2012) . In particular, the latter is problematic as the Baltic Sea holds already today the world's largest oxygen depleted, dead zone caused by human influence (e.g., Conley 2012) . Although available scenario simulations show a tendency towards reduced salinities (Meier et al. 2006 , it is still uncertain whether the Baltic Sea will become less or more saline because of the large bias in precipitation and evaporation of regional climate models (Meier 2015) . The salinity in the Baltic Sea, which is a semi-enclosed boreal sea with limited water exchange with the world ocean ( Fig. 1) , is controlled by a large freshwater supply mainly from rivers (Bergström and Carlsson Abstract Expanding hypoxia is today a major threat for many coastal seas around the world and disentangling its drivers is a large challenge for interdisciplinary research. Using a coupled physical-biogeochemical model we estimate the impact of past and accelerated future global mean sea level rise (GSLR) upon water exchange and oxygen conditions in a semi-enclosed, shallow sea. As a study site, the Baltic Sea was chosen that suffers today from eutrophication and from dead bottom zones due to (1) excessive nutrient loads from land, (2) limited water exchange with the world ocean and (3) perhaps other drivers like global warming. We show from model simulations for the period 1850-2008 that the impacts of past GSLR on the marine ecosystem were relatively small. If we assume for the end of the twenty-first century a GSLR of +0.5 m relative to today's mean sea level, the impact on the marine ecosystem may still be small. Such a GSLR corresponds approximately to the projected ensemble-mean value reported by the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. However, we conclude that GSLR should be considered in future high-end projections (>+1 m) for the Baltic Sea and other coastal seas with similar hydrographical conditions as in the Baltic because GSLR may lead to reinforced saltwater inflows causing higher salinity and increased vertical stratification compared to present-day conditions. Contrary to intuition, 1 3 1994) and by saltwater inflows across the sills (located in the Danish straits) separating the Baltic Sea from the adjacent Kattegat and North Sea. Hence, the long-term mean salinity averaged for the Baltic Sea without Kattegat amounts to only 7.4 g kg −1 (Meier and Kauker 2003) . Small-and medium-size inflows occur relatively regularly but large inflows are intermittent and usually weather driven events (Matthäus et al. 2008) . Only the large saltwater inflows, so-called Major Baltic Inflows (MBIs), ventilate the Baltic deep water with high-saline and oxygen-rich water on time scales of one to ten years (Matthäus et al. 2008; Eilola et al. 2014; Mohrholz et al. 2015; Gräwe et al. 2015) . MBIs occur mainly during winter but a few events have been observed in spring and autumn as well (Matthäus and Franck 1992; Fischer and Matthäus 1996) . Prerequisite of an MBI is a period of easterly winds lasting for about 20 days that lower the sea level in the semi-enclosed Baltic Sea (Lass and Matthäus 1996) . After the so-called precursory period of an MBI strong to very strong westerly winds of similar duration force saline water from the Kattegat over the shallow sills into the Baltic Sea. Although the meteorological conditions responsible for MBIs are projected to occur more often (Schimanke et al. 2014) , projections suggest reduced salinity at the end of the century (Meier et al. 2006 due to the overwhelming impact of increased runoff. The latter is a consequence of the enhanced hydrological cycle in the northern Baltic catchment area in the climate models (Sonnenborg 2015) .
However, in all scenario simulations performed so far one effect has not been considered, the global mean sea level rise (GSLR) which may cause an increased flow of saltwater into the Baltic Sea due to increased water depth in the Danish straits (e.g., Gustafsson 2004; Hordoir et al. 2015; Arneborg 2016) . According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC 2013) global mean sea level has risen by about +0.19 m over the period 1901-2010 and is projected to rise further during this century (Church et al. 2013 ). Depending on the applied global general circulation model (GCM) and representative concentration pathway (RCP) the GSLR for 2081-2100 is projected to be in the range of +0.26 to +0.82 m relative to 1986-2005 (Church et al. 2013 ). For RCP8.5, the rise by the year 2100 is even in the range of +0.52 to +0.98 m. Semi-empirical model projections of GSLR are even higher (e.g., Pfeffer et al. 2008; Rahmstorf 2007 ) but whether these semi-empirical projections are physically plausible is a matter of debate. In general, projections of GSLR are very uncertain because the reaction of ice sheets to global warming is poorly known. Nevertheless, GSLR of about one meter at the end of this century might be possible (Church et al. 2013) . From paleoclimate studies it is known that due to the interplay between land uplift and GSLR a larger cross section in the Sound (for location see Fig. 1 ) 6000 years ago caused much higher salinity in the Baltic than today (Gustafsson and Westman 2002) . Indeed, there is evidence from sediment cores that in the Baltic Sea during that time and during other periods in the past hypoxia prevailed (Zillén et al. 2008, Zillén and Conley 2010) . However, whether the higher salinity was the driver of past hypoxia is unknown.
GSLR may have significant consequences for the Baltic Sea ecosystem because larger salt water flow across the shallow sills in the Danish straits will result in higher salinity in the Baltic Sea (Gustafsson 2004 ) and in stronger vertical stratification (Meier 2005) affecting vertical nutrient flow. Especially internal phosphorus fluxes between the sediment and the water column are known to be oxygen and hence stratification dependent (e.g., Conley et al. 2009 ). However, whether the Baltic Sea will be more or less saline in future climate will depend on several competing drivers, like changes in river runoff, changes in wind patterns, GSLR and land uplift. In the northern Baltic land uplift might exceed or in the case of high-end scenarios neutralize GSLR whereas land uplift in the entrance area of the Baltic Sea is negligible on a 100-year time scale (Ekman 1996) . So far GSLR was neglected in both long hindcast and transient scenario simulations of the Baltic Sea because the effect was assumed to be small (e.g., Meier et al. 2006 Meier et al. , 2011 Meier et al. , 2012 . However, the impact of GSLR has never been quantitatively assessed. From other coastal seas like Chesapeake Bay a statistically significant increase of salinity due to past sea level rise was reported (Hilton et al. 2008) . In this study, for the first time the potential impact of past and accelerated future GSLR on stratification, phosphorus cycling and eutrophication is investigated using a coupled physical-biogeochemical model for the Baltic Sea Eilola et al. 2009 ). The study is timely because within the BONUS BalticAPP project (http://www.bonusportal.org/projects/research_projects/balticapp) new scenario simulations based upon IPCC (2013) are under development.
Method
We use the three-dimensional coupled physical-biogeochemical model RCO-SCOBI which consists of the physical Rossby Centre Ocean (RCO) model and the Swedish Coastal and Ocean Biogeochemical (SCOBI) model (Eilola et al. 2009; Almroth-Rosell et al. 2011) . RCO-SCOBI has been previously evaluated and applied for numerous long-term climate studies (e.g., Meier and Kauker 2003; Meier et al. , 2011 Meier et al. , 2012 .
Within RCO the ocean circulation model is coupled to a Hibler-type sea ice model and the subgrid-scale mixing in the ocean is parameterized using a k-ɛ turbulence closure scheme with flux boundary conditions . A flux-corrected, monotonicity preserving transport (FCT) scheme is embedded without explicit horizontal diffusion. In the northern Kattegat ( Fig. 1) open lateral boundary conditions are used, where in case of inflow temperature and salinity values are nudged towards observed climatological profiles and in case of outflow a modified Orlanski radiation condition is used. Horizontal and vertical resolutions amount to 3.7 km and 3 m, respectively. For further details, the reader is referred to .
SCOBI describes the dynamics of nitrate, ammonium, phosphate, three phytoplankton species, zooplankton, detritus, oxygen and hydrogen sulfide (Eilola et al. 2009 ). The sediment contains nutrients in the form of benthic nitrogen and benthic phosphorus. Processes like assimilation, remineralization, nitrogen fixation, nitrification, denitrification, grazing, mortality, excretion, sedimentation, resuspension and burial are considered. With the help of a simplified wave model resuspension of organic matter is calculated (Almroth-Rosell et al. 2011 ). For further details and an evaluation of the SCOBI model the reader is referred to Eilola et al. (2009 Eilola et al. ( , 2011 and Almroth-Rosell et al. (2011) .
The baseline of this study is a historical simulation for the period 1850-2008 using reconstructed atmospheric, hydrological and nutrient load forcing and daily sea levels at the lateral boundary as described by Gustafsson et al. (2012) and Meier et al. (2012) . In the following, a brief summary of the forcing data is provided. Using regionalized reanalysis data for 1957-2007 together with historical station data of daily sea-level pressure and monthly air temperature observations, multivariate daily atmospheric forcing fields were reconstructed based upon the analogmethod . For the calculation of monthly mean river flows three data sets were merged. For 1850 For -1900 For , 1901 For -2004 For , 2005 reconstructions by Hansson et al. (2011) and by Meier and Kauker (2003) and hydrological model data by Graham (1999) were used, respectively. For 1970-2006, nutrient loads from rivers and point sources were compiled from the Baltic Environmental and HELCOM databases ).
Estimates of pre-industrial loads for 1900 are based upon Savchuk et al. (2008) . Between these two environmental states nutrient loads were linearly interpolated between selected reference years taking the intensified agriculture since the 1950s into account. Similarly, atmospheric loads were estimated (Ruoho-Airola et al. 2012). Nutrient loads contain both organic and inorganic phosphorus and nitrogen, respectively. Sea level elevations at the lateral boundary were calculated from the reconstructed, meridional sea level pressure gradient across the North Sea following Gustafsson and Andersson (2001) . To avoid the underestimation of extremes the correlations were calculated for various frequency bands using Empirical Orthogonal Functions (EOFs) . Finally, initial conditions were estimated based upon Savchuk et al. (2008) . After a spin-up simulation for 1850-1902 utilizing the reconstructed forcing as described above, the calculated physical and biogeochemical variables at the end of the spin-up simulation were used as initial condition for 1850.
As we anticipate a long response time scale of the phosphorus cycle to GSLR (e.g., Gustafsson et al. 2012; Radtke et al. 2012) , we chose a 159-year long simulation as reference (henceforth referred to as REF). In addition to REF, sensitivity experiments were carried out with the same setup as in REF but with externally prescribed, timeindependent sea level anomalies relative to present-day, mean sea surface height (SSH). For the simulated distribution of SSH the reader is referred to . Technically the water depth in the entire model domain was increased or decreased depending on the change in global mean sea level and the thickness of the uppermost model layer was modified accordingly. Hence, in the sensitivity experiments only the mean sea level was altered whereas the temporal variability on all time scales remained unchanged compared to REF.
Past eustatic sea level rise in the Baltic Sea was estimated to be 1.5 ± 0.53 mm year −1 (Gornitz 1995) or about 0.24 m during 1850-2008. Hence, we investigate in a sensitivity experiment how biogeochemical cycling might have developed without the impact of past sea level rise assuming a 0.24 m lower sea level than today (henceforth referred to as PAST).
Further, we study how the projected future ensemblemean sea level rise of about +0.5 m and a high-end scenario of about +1 m compared to present-day sea level (Church et al. 2013 ) may affect biogeochemical cycling assuming nutrient loads and eutrophication status of the twentieth century. Henceforth, these sensitivity experiments mirroring perhaps sea level conditions at the end of the twenty-first century are referred to as S50 (+0.5 m) and S100 (+1.0 m), respectively. In our sensitivity studies other possible changes of future climate like warming, increasing runoff and acidification are neglected.
Results
For sea level conditions as in 1850 with 0.24 m lower sea level as today (PAST) surface and bottom salinity changes relative to REF in 1988 REF in -2007 at Gotland Deep (for location see , which is close to the longterm mean calculated by Meier and Kauker (2003) , 1 the mean salinity decrease in PAST is about −5 %. Correspondingly, relative changes of −5 and −4 % are 1 Meier and Kauker (2003) estimated the long-term mean salinity averaged for the Baltic Sea without Kattegat from a corrected, long-term simulation to be 7.36 g kg , respectively. Past sea level rise had only little impact on present-day bottom oxygen concentrations (Fig. 3b, c) . In PAST the mean (median) bottom oxygen concentration at Gotland Deep averaged for the entire period 1850-2008 is only about 0.03 (0.02) mL L −1 lower than in REF.
Applying a 0.5 m higher sea level (S50) causes surface and bottom salinities at Gotland Deep to increase by about 0.7 and 0.9 g kg −1 compared to REF, respectively (Table 1 ; Fig. 2 ), due to increased salt inflows. The corresponding salinity increase averaged for the entire Baltic Sea amounts to 0.7 g kg −1 or 10 %. Surface salinity changes are somewhat smaller than bottom salinity changes indicating an increase in stratification. The e-folding time scale of surface salinity changes at Gotland Deep as response to changes in saltwater inflows amounts to about 21 years (Fig. 2) . This finding confirms earlier results of sensitivity experiments by Meier (2005) who investigated salinity ), volume averaged salinity of the entire Baltic Sea (ΔS ave in both g kg −1 and % of the mean salinity averaged for the entire Baltic Sea of 7.4 g kg −1
), annual maximum hypoxic area (ΔHA in %) and volume averaged dissolved inorganic phosphate concentrations (ΔDIP in %) in the sensitivity experiments, PAST, S50 and S100, with specified sea surface height anomalies (ΔSSH in m) changes as a consequence of increased salt water transports into the Baltic Sea by increasing the amplitude of sea level variations at the lateral boundary in Kattegat. However, for the temporal evolution of bottom salinity, in particular during the first years of the simulation, an e-function is not a good approximation indicating that non-diffusive processes like advection are important as well. After about 60 years a new quasi steady-state will be reached (Fig. 2) . Hence, the relevant time scale for the salinity response to GSLR is relatively large as we anticipated. Applying a 1 m higher sea level (S100) causes surface and bottom salinities at Gotland Deep to increase by about 1.3 and 1.8 g kg −1 compared to REF, respectively (Table 1 ; Fig. 2 ). The corresponding increase in mean salinity averaged for the Baltic Sea including Kattegat amounts to 1.4 g kg −1 or 19 %. Our results support earlier findings by Gustafsson (2004) who used a process-oriented model to study salinity in the Baltic Sea as function of freshwater supply and mean sea level change. Gustafsson (2004) found that a GSLR of +1 m would lead to a sea surface salinity increase of 1 g kg −1 in the southern Baltic proper. According to Table 1 , the relationship between salinity and sea level change is approximately linear, indicating that changes in salt transports through the Danish straits alter with the changes in cross section.
Although MBIs usually consist of oxygen-rich winter water (Matthäus and Franck 1992) , we found in S50 and S100 only small increases of the mean (median) bottom oxygen concentration at Gotland Deep averaged for the entire period 1850-2008 of about 0.07 (0.06) and 0.08 (0.04) mL L −1 , respectively (Fig. 3b, c) . In S50 oxygen anomalies at the bottom of Gotland Deep amount to up to 2.8 mL L −1
. Most of the additional oxygen in inflowing water pulses is lost either on the way into the Baltic interior due to diffusion (mixing with oxygen-poor surrounding water) or in the deep water due to oxygen consumption by organic matter degradation and oxidation of earlier reduced compounds (Fig. 3b, c) . In agreement with observations ) the time scale of oxygen depletion at Gotland Deep after an MBI amounts to about 18 months on average under present eutrophication conditions (at least until the 1990s). Hence, in the deep water at Gotland Deep the effect of a 1 m higher global mean sea level as shown 2 ) between sensitivity and reference simulations: PAST (red line), S50 (black line) and S100 (blue line). Differences in hypoxic area are small before 1950 because hypoxia did more or less not occur. Mainly due to intensified agriculture nutrient loads increased in the 1950s and led to eutrophication with hypoxia as a consequence in S100 on oxygen renewal is relatively small on average. Nonetheless, in S50 and S100 mean and median changes in bottom oxygen concentrations are significantly positive whereas in PAST these changes are significantly negative (Fig. 3c) . The relative frequency distributions of bottom oxygen concentration changes in S50 and S100 show larger positive extremes compared to PAST.
The sensitivity experiment PAST suggests that during the past century GSLR had an impact on hypoxic area, in particular during the early phase of eutrophication, although the long-term mean effect was relatively small (Fig. 4) . According to PAST hypoxic area in 1961 would have been about 8 % smaller than observed if the global mean sea level was 0.24 m lower than today (Table 1 ). In the sensitivity experiments, S50 and S100, we found that since the 1950s hypoxic areas increase considerably (Fig. 4) . The increase in S50 and S100 is largest during the early phase of the eutrophication period with about 19 and 43 % in 1961, respectively (Table 1) . During 1988-2007 changes in hypoxic area are relatively smaller with about 4 and 7 % in S50 and S100, respectively. Because of higher salinity in the deep water the halocline in the sensitivity experiment is shallower and stratification larger compared to REF (Fig. 2) . Hence, in bottom areas along the slopes, that are not directly affected by saltwater inflows and that are dropped below the halocline, the vertical flux of oxygen from the surface to the bottom is reduced causing oxygen depletion. A similar effect can be seen from observations during decades when MBIs occur more frequently compared to stagnation periods without MBIs (Matthäus et al. 2008) . For instance during 1976-1994, a period with few MBIs, the deep water below 150 m at Gotland Deep was on average anoxic. But the oxygen concentration in and below the halocline, in the depth interval of 65-125 m, was higher compared to the earlier period 1959-1976 with many MBIs and the depth of hypoxia deepened from 75 to 90 m (Eilola 1998) . Hence, hypoxic area of the Baltic proper decreased during the stagnation period 1983 -1992 (Conley et al. 2002 .
According to PAST the DIP content in 1988 -2007 would have been about 3 % smaller than observed if the global mean sea level was 0.24 m lower than today (Table 1; Fig. 5 ). The relative impact of GSLR on the DIP pool is larger during the oligotrophic period before 1950 than during the eutrophic period after 1950 (not shown). These results suggest that approximately after the 1960s the total change in the DIP pool was dominated by increasing eutrophication and the GSLR of +0.24 m played only a minor role.
As under anoxic conditions internal phosphorus fluxes from the sediments increase (e.g., Eilola et al. 2009 ), in S50 and S100 the volume integrated dissolved inorganic phosphorus (DIP) contents in the water column of the entire Baltic Sea increase during 1988-2007 relative to REF by about 5 and 9 %, respectively (Table 1; Fig. 5 ). In the sediments of the shallow Baltic Sea, organic phosphorus is transformed to inorganic phosphorus and on long time scales phosphorus is even removed from the biogeochemical cycling in the water column (Eilola et al. 2009 ). It is proposed that a fraction of the deposited organic phosphorus is transformed to mineral bound inorganic phosphorus (e.g., Almroth-Rosell et al. 2015) . Phosphorus can be released from the sediment pool to the overlaying water or become adsorbed from the water into the sediment depending on the oxygen concentrations. In case of anoxic conditions, phosphorus is released from the sediments and under oxic conditions the flux is reversed. For details of the relevant sediment chemistry, the reader is referred to AlmrothRosell et al. (2015) . In the SCOBI version of the present study, a salinity and oxygen dependent parameterization of the phosphorus release capacity is used to calculate the sediment-water fluxes (Eilola et al. 2009 ).
The increased phosphate concentration in the euphotic zone results in increased primary production (not shown). In addition, the risk for the occurrence of nitrogen-fixing cyanobacteria blooms during summer might increase enhancing the so-called "vicious" cycle that amplifies eutrophication in the Baltic Sea (Vahtera et al. 2007; Conley et al. 2009 ). Our findings are qualitatively similar to simulation results with a dredged Sound using two different coupled physical-biogeochemical models (Gustafsson et al. 2008 ).
Discussion

Shortcoming of the experimental set-up
In this study, three sensitivity simulations are analyzed to investigate the impact of (1) past GSLR, (2) an ensembleaverage scenario for GSLR of +0.5 m, and (3) a high-end scenario for GSLR of +1 m on biogeochemical cycling ) averaged for the entire Baltic Sea between sensitivity and reference simulations: PAST (red line), S50 (black line) and S100 (blue line) assuming present eutrophication conditions. We cover with our experiments the whole range of future sea level evolutions until 2100 as projected by Church et al. (2013) . However, the simulations are idealized sensitivity experiments with added time-independent sea level anomalies instead of transient simulations with continuously rising sea level. Although our idealized experiments are neither plausible scenario simulations for future climate nor realistic reconstructions of past climate, respectively, they have the advantage that we were able to study steady-state conditions and response time scales without overlying long-term trends.
Model shortcomings
Model response to changing GSLR is assumed to be realistic because RCO-SCOBI was earlier thoroughly evaluated. For instance, the evolution of salinity and the frequency of MBIs in REF were evaluated by Schimanke and Meier (2016) who found that the model gives reasonably good results compared to observations although the atmospheric and hydrological forcing fields are only reconstructed . However, salinity of the deep water at Gotland Deep is somewhat lower than in observations. Also the evolution of oxygen is well simulated (Fig. 3a) but modeled oxygen concentrations in the Gotland Deep water during the 1960s are somewhat too high. This seems to be a common problem among historical simulations driven by reconstructed forcing indicating either a general problem of biogeochemical models under oligotrophic conditions or unrealistically high nutrient loads during the 1950s and 1960s in the reconstruction.
Simulated and from observations derived hypoxic and anoxic areas have been analyzed by Väli et al. (2013) . They found only small model biases when they applied the same methodology for their calculations as was applied for observations.
Finally, volume and salt water flows through the Danish straits as function of sea level changes have previously been evaluated by . They found that the volume transports through one of the connecting straits, the Sound (Fig. 1) , are very well simulated compared to volume transports calculated from ADCP measurements during 1992 and 1993 indicating that in RCO the flow resistance to sea level changes is well calibrated . As also volume changes in the Baltic Sea are realistically simulated (compared to observations from tide gauges, e.g. at Landsort station), the volume flows through the second connecting strait, the Great Belt, where the calculation of transports from ADCP measurements is more difficult due to the more complicated topography, are consequently simulated realistically as well. For the MBI in 1993 showed that simulated volume and salt transports through each of the connecting straits are within the error bar of corresponding figures estimated from available observations during that period.
Nevertheless, the simulated response to GSLR might be biased due to model deficiencies. In particular, changes in halocline depth and halocline strength are simulated differently in different models . Further, sediment-water fluxes of nutrients are not well known . Hence, we propose to investigate sedimentwater fluxes of phosphorus in more detail to reduce uncertainty of simulated changes in phosphorus cycling. For this purpose, Almroth-Rosell et al. (2015) recently developed a new sediment module that takes oxygen penetration depths (OPDs) and inorganic phosphorus pools within the vertically integrated sediment model into account. Although the new sediment module may improve the simulated sediment-water fluxes, more research is still needed.
Other drivers of hypoxia
According to Schrum et al. (2016) GSLR is approximately representative for the North Sea region because around 70 % of the world's coastline is located in an area with a projected sea level rise that falls within a 20 % range of the GSLR (Church et al. 2013 ). Further, it was concluded that future changes in wind speed and storm surge height over the North Sea are either statistically insignificant or relatively small (e.g., Christensen et al. 2015; Meier 2015; Schrum et al. 2016) . There is also no evidence of significant trends in annual wind statistics since the nineteenth century (Rutgersson et al. 2015) . These findings support our assumptions that GSLR may be applied together with unchanged sea level variations at the northern boundary in Kattegat.
However, a northeastward shift in storm tracks and an increase in the deep lows over Scandinavia were found (e.g. Lehmann et al. 2011; Feser et al. 2014; Rutgersson et al. 2015) . If these atmospheric changes in extreme conditions persist in the future, this may be an additional factor potentially affecting MBIs and consequently hypoxia. Although Schimanke et al. (2014) concluded that atmospheric variability favorable for MBIs may intensify in future climate, there is nevertheless no strong evidence from available scenario simulations (which do not take GSLR into account) that intensity or frequency of saltwater inflows may change significantly (Meier 2015) . Therefore, in future climate GSLR and changes in river runoff to the Baltic Sea, as suggested by Meier et al. (2006) , might be the two dominating and competing drivers of the water exchange between North Sea and Baltic Sea. However, the role of GSLR for the future water exchange is still unclear because of the large uncertainty of projected GSLR. In addition, changes in frequency and intensity of small and medium inflows and MBIs cannot be ruled out. Eilola et al. (2014) showed with the help of tracer experiments that the overall direct impact of MBIs on the annual uplift of nutrients from below the halocline to the surface waters is small because vertical transports are comparably large also during periods without MBIs. Further, they suggested that phosphorus released from the sediments between 60 and 100 m depth in the eastern Gotland Basin may contribute to eutrophication. These results support our findings that the direct impact of GSLR like increased frequency and intensity of MBIs on the phosphorus cycling is small. Instead, a shallower halocline and extended hypoxic areas due to GSLR are the important factors that affect the reduced phosphorus retention in the sediments.
Outlook
We propose to perform new multi-model ensemble scenario simulations for the Baltic Sea taking GSLR and also new, improved regional and global models, and the latest greenhouse gas emission (RCPs) and nutrient load scenarios into account. Further, new evaluation data sets and more realistic initial conditions may help to improve scenario simulations.
Conclusions
Our model simulations suggest that GSLR will cause increases in (1) frequency and magnitude of saltwater inflows, (2) salinity and (3) phosphate concentrations in the Baltic Sea as a direct or indirect consequence of increased cross sections in the Danish straits, and will contribute to (4) increased hypoxia and anoxia amplifying the previously reported future impacts of increased external nutrient loads due to increased runoff, reduced oxygen flux from the atmosphere to the ocean and intensified internal nutrient cycling due to increased water temperatures in future climate . Although GSLR will cause more intense inflows of high-saline, oxygen-rich water, hypoxic bottom areas will increase because of increased stratification. However, the impact of historical GSLR since 1850 on hypoxic area and mean DIP concentrations was small and long-term changes in both variables were mainly governed by changes in anthropogenic nutrient loads. Also future GSLR will very likely have only a small effect on biogeochemical cycles when a projected ensemble-mean GSLR of about +0.5 m until the end of the twenty-first century and present-day eutrophication status is assumed. However, applying a high-end scenario with a GSLR of +1 m will result in an increase in mean salinity of about 19 % and in increased hypoxic bottom area of about 43 % in maximum.
Hence, GSLR should be considered as potential driver in climate change scenario simulations for the Baltic Sea and other coastal seas with similar hydrographical conditions.
